A mass spectral method for the quantitation of the percentages of deoxyadenosine, deoxyguanoslne, deoxycytidine, and thymidine in intact DNAs has been devised. Standard curves for each nucleoside have been constructed which are based upon the observation that a direct correlation exists between the heights (% deflection) of diagnostic peaks from these nucleosides in a mass spectrum and the published percent composition of specific DNAs. Analyses of DNA from Clostridium perfringena, Micrococcus luteus, Escherichia coli, Bacillus subtilis, Pseudomonas fluorescens, Drosophila melanogaster, salmon sperm, and bacteriophage lambda were used to determine standard curves. The validity of the method was demonstrated by comparison of the results from the mass spectral procedure with results from the chemical analyses of the DNAs from calf thymus and wheat germ. Analysis of 0X-174 DNA yielded values consistent with the published values obtained via sequence analysis and indicated that the method is applicable to both single and double-stranded DNAs. Results from T2 DNA, which contains no cytidine, exhibited artificially high values for adenosine, guanosine and thymidine with concomitant alteration in the A/T and G/C molar ratios. Such skewed results are useful in predicting the presence of modified nucleosides. The extreme sensitivity of the method has been exploited in the analysis of subnanogram quantities of restriction endonuclease fragments from DNA.
INTRODUCTION
Previous studies have demonstrated that the technique of pyrolysiselectron impact-mass spectrometry (PyEIMS) can be applied to intact DNA yielding information concerning (a) the qualitative composition of DNA, (b) the base sequence of DNA fragments, and (c) the detection and identification of modified nucleosides in the whole DNA molecule. This communication shows how the same mass spectral method used in the previous studies for qualitative results can be extended to the quantitative compositional analysis of DNA.
The need for a precise and highly sensitive quantitative method becomes apparent in such investigations as the following wherein (a) the nucleoside composition of a series of restriction endonuclease fragments from a DNA molecule are being compared, (b) the dissimilarities in composition of two DNAs are being examined -e.g., main band DNA versus satellite DNA or, (c) the presence and the extent of modified nucleosides in two DNAs is being constrasted -e.g. , host DNA versus viral DNA. In all of these instances the available amounts of DNA are usually very small and, thus, are not always amenable to analysis by conventional methods. The advantages of the mass spectral procedure are that the DNA is directly fragmentated in the spectrometer without prior chemical or enzymatic treatment and that the analysis can be carried out on subnanogram quantities of DNA.
The rationale for the development of a quantitative mass spectral method has been the following; mass spectra of DNA exhibit major peaks at the mass values for the purine and pyrimldine bases -i.e. , at m/e 111 for cytosine, m/e 126 for thymine, m/e 135 for adenine and m/e 151 for guanine.
These diagnostic ion products derive from the electron impact cleavage of the nucleosidic bond that occurs subsequent to the initial pyrolytic 2 cleavage of the DNA at the phosphodiester linkages . Therefore, measurement of the base peaks reflects the amount of nucleoside present. In this case, the principal factors which affect the height of a specific base peak are (a) the amount of nucleoside present, and (b) the volatility of that particular nucleoside. In other words, the mass spectrum of a sample that contains equimolar amounts of the four common nucleosides does not show diagnostic peaks of equal intensity for all four components, but rather reflects the volatility of the base peaks which is in the order of Cty > Thy > Ade > Gua. The relationship between the amount of a given component and the percent deflection of its diagnostic peak in the mass spectrum was established by analyzing multiple samples of specific DNAs whose compositions had been determined by other methods. The DNAs chosen differed over a wide range in their base composition. The relationship between the percent deflection and the percent composition from the literature was then explored in the following way: Values of the percent deflection from ten individual analyses for each nucleoside were taken and compared with the known composition figure for that nucleoside (Table I) The results (Table II) from the analysis of bacteriophage T2 DNA demonstrated another useful facet of the mass spectral method. This DNA is unusual in that all of the cytidine residues are hydroxymethylated; the mass spectrum -reveals this difference by the presence of the base peak for hydroxymethylcytosine at m/e 141 . Since the diagnostic peak from cytidine at m/e 111 is only at background level in the mass spectrum, the percent deflection values for deoxyadenosine, deoxyguanosine, and thymidine appear to be exaggerated. Consequently, when these values are converted to percent composition values from the standard curve, the results are abnormally high for these nucleosides and do not represent their actual values in the DNA. However, this result is meaningful because it shows that, since reasonable A/T and G/C molar ratios cannot be obtained from these percent composition values, a substantial proportion of the deoxycytidine residues are modified in this DNA. We believe that this situation should allow the detection of base modification any time that a sufficient percentage of one type of base is modified such that agreement of the A/T or G/C ratios cannot be obtained. A reasonable limit on the sensitivity of this method is that, if five percent of a given base were modified, the base ratios would show significant deviation from normal. 
